Objective: The study aims to assess the association between proprotein convertase subtilisin/kexin type 9 (PCSK9), a major regulator of LDL cholesterol (LDL-C) homeostasis, and HIV-related dyslipidaemia in a cohort of HIV-positive (HIVþ) patients under protease inhibitors.
Introduction
HIV-positive (HIVþ) patients are at high risk of coronary heart disease, partly due to atherogenic dyslipidaemia [1] . Mechanisms of HIV-associated dyslipidaemia are complex, and may involve the HIV-infected state and some antiretroviral therapies (ARTs), particularly protease inhibitors. In ART-naive HIVþ patients, LDL cholesterol (LDL-C) levels are often reduced, with an increase in small dense LDL particles [2] . In such patients, the increase in plasma triglycerides may be due to the inflammatory state and notably the increase in TNFa associated with uncontrolled infection and reduced clearance of triglycerides [3] . In contrast, after initiating ART, especially protease inhibitor boosted with ritonavir (PI/r), total cholesterol (TC), LDL-C and HDL cholesterol (HDL-C) levels increase, and also often triglyceride levels [4] . These increased levels may return to the baseline state after immunovirological control of HIV infection. However, HDL-C usually remains low, with moderate-to-high levels of triglycerides. Certain ARTs, particularly first-generation PI/r, have been clearly shown to be involved in this abnormal state [1] . Before ART initiation, low levels of TC, LDL-C and HDL-C are related to HIV severity. However, high plasma lipid levels are related to both the efficacy of antiretrovirals in HIV suppression and the effect of certain ART.
Proprotein convertase subtilisin/kexin type 9 (PCSK9) acts as a natural inhibitor of the LDL-receptor pathway. A0fter intracellular autocleavage, PCSK9 is secreted by the liver, binds to the epidermal growth factor repeat A domain of the LDL receptor and induces its degradation by forcing its shuttling to lysosomes. Although PCSK9 gain-of-function mutations cause autosomal-dominant hypercholesterolaemia and premature atherosclerosis, loss-of-function mutations lead to low levels of plasma LDL-C and confer high protection against coronary heart disease [5] [6] [7] [8] . Pharmacological inhibition with PCSK9 monoclonal antibodies (e.g. alirocumab and evolocumab) is effective in lowering LDL-C in patients with familial hypercholesterolaemia or atherosclerosis who fail to achieve optimal LDL-C targets despite maximally tolerated doses of statins [9] . Recently, the large cardiovascular outcomes trial FOUR-IER demonstrated a significant reduction in the rate of major cardiovascular events with evolocumab versus placebo [10] .
As PCSK9 expression is induced in some inflammatory states, such as lipopolysaccharide injection in mice or septic shock in humans, it could be envisaged that PCSK9 plays a role in HIV-associated dyslipidaemia [11, 12] . To date, only one study has focused on circulating PCSK9 levels in HIVþ patients and HIV/hepatitis C virus (HCV) coinfected patients, showing what the authors called a 'PCSK9-lipid paradox' [13] . Indeed, in their observational, cross-sectional study, the authors found that HIV/HCV coinfected patients had increased plasma PCSK9 levels, despite reduced LDL-C levels, compared with HIV-monoinfected patients and HIVnegative (HIVÀ) controls. However, 21% of coinfected patients were taking statins [13] , which increase circulating PCSK9 levels [14] , and 22.5% were not on ART. In immunovirologically controlled HIVþ patients, PCSK9 levels did not differ from controls [13] . Thus, it is important to further evaluate how PCSK9 plasma level is regulated in HIVþ patients before and after ART initiation.
To that end, we conducted the Agence de Recherche sur le SIDA et les Hépatites virales (ANRS)-COPANA (Agence de Recherche sur le SIDA et les Hépatites virales-Cohort of HIV-infected Patients with No Antiretroviral Treatment At Baseline)-PCSK9 substudy to assess the impact of first-line ART including a PI/r, on plasma PCSK9 levels and to identify factors associated with circulating PCSK9 level in ART-naive and treated HIVþ patients.
Methods
Study population ANRS-COPANA is an ongoing prospective cohort study being conducted in 37 hospitals in France. Eighthundred recently diagnosed (<12 months) ART-naive HIVþ adults were recruited between 2004 and 2008 with semiannual follow-up. The cohort is funded by Institut National de la Santé et de la Recherche Médicale-ANRS and the study was approved by the Paris-Cochin Ethics Committee in July 2003 [15] . The research was conducted in accordance with the Declaration of Helsinki. All participants gave their written informed consent.
Sociodemographic, clinical and biological data were collected at enrolment and every 6 months thereafter. Each patient's history of AIDS-defining illnesses, cardiovascular disease, cancer, diabetes mellitus or other diseases, hepatitis B and HCV serostatus were recorded, along with CD4 þ and CD8 þ T-cell counts and plasma HIV-1 RNA viral load. Fasting TC, HDL-C, LDL-C, triglycerides and fasting plasma glucose levels were measured using standard procedures in each centre at least once a year. Frozen plasma and serum were stored at each yearly visit.
This substudy involves ART-naive HIVþ adults who initiated ART including a PI/r and maintained their initial therapy for at least 1 year. Eligibility criteria for inclusion in the present substudy required each patient to have frozen serum and plasma samples at ART initiation and follow-up, and evaluation of lipid variables. HIVþ patients were excluded if they were on lipid-lowering therapy (i.e. statins, fibrates, niacin or ezetimibe), had HIV viral load more than 400 copies/ml or had three HIV viral loads more than 50 copies/ml during study follow-up (Fig. 1) . A control group of HIVÀ patients, matched for age (AE5 years) and sex, was composed from blood donors from the Centre de Transfusion Sanguine in Nantes, France.
Biomarker measurement
Laboratory data were collected before ART initiation and during treatment. Cryopreserved serum and plasma were used for centralized measurements at Tenon Hospital Biochemistry Department (Paris, France). Plasma glucose (hexokinase) and insulin (chemiluminescence immunoassay) were measured on the Architect Ci8200 analyzer (Abbott Diagnostics, Chicago, Illinois, USA). High-sensitivity C-reactive protein (hs-CRP) was measured by immunonephelometry on an IMMAGE analyzer (Beckman-Coulter, Brea, California, USA). High-sensitivity IL-6 (hs-IL-6) and leptin were measured with ELISAs (Quantikine; R&D Systems, Oxford, UK). The Homeostasis Model Assessment of Insulin Resistance (HOMA-IR) was defined as HOMA-IR ¼ (glucose Â insulin)/22.5 [16] .
Adiponectin was measured by ELISA (ALPCO, Salem, New Hampshire, USA). Diabetes was recorded if the patient was receiving antidiabetic treatment or if the fasting plasma glucose level was at least 7 mmol/l. Hypertension was defined if the patient received antihypertensive drugs or had SBP at least 140 mmHg and/or DBP at least 90 mmHg. Obesity was defined as BMI more than 30 kg/m 2 . ARTregimens and treatments for comorbidities were recorded every 6 months.
Fasting plasma PCSK9 levels were assayed in duplicate using a commercially available quantitative sandwich ELISA assay (Circulex CY-8079; CycLex Co, Nagano, Japan) and following the manufacturer's instructions, as described [14] .
Endpoints
The primary objective was to evaluate the impact of the initiation of a first PI/r-containing ART regimen on PCSK9 levels in ART-naive HIVþ patients. Our primary outcome measure was the mean per cent change Proprotein convertase subtilisin/kexin type 9 in HIV infection Boccara et al. 2369 in PCSK9 plasma levels after initiation of ART including a PI/r: values at ART initiation and 1 year later were compared. The secondary objectives were to determine the association between plasma PCSK9 levels and biological variables, in particular lipids, glucose/insulin and inflammatory variables; to compare the change in inflammatory markers/adipokines (hs-IL-6, hs-CRP, leptin, adiponectin) and circulating PCSK9 between baseline (ART-naive HIVþ patients) and 1 year after ART initiation; and to compare plasma PCSK9 levels between HIVÀ controls and HIVþ patients before and after ART initiation. The secondary outcome measures were the correlations between plasma PCSK9 levels under PI/r and lipid variables (TC, LDL-C, HDL-C, triglycerides) and other variables (fasting plasma glucose and insulin, HOMA-IR); the association between inflammatory markers and PCSK9 levels at baseline and on PI/r therapy; and the comparisons of PCSK9 levels between HIVÀ patients and HIVþ patients before and after ART initiation.
Statistical analyses Continuous variables are reported as median [interquartile range (IQR)] and categorical variables as frequency (percentage)
. P values were obtained from paired t tests and McNemar or McNemar-Bowker chi-square tests with P less than 0.05 indicating statistical significance. Spearman's correlation coefficients were used to test the association between PCSK9 levels and metabolic variables at PI/r initiation and at least 12 months afterwards (r). Multivariable linear regression models were used to examine the influence of age and different metabolic variables on PCSK9 levels before and at least 12 months after initiating ART containing PI/r.
Results
Characteristics of the cohort before and after a median exposure to antiretroviral therapy of 14 months Of the 800 patients in the COPANA cohort, 103 HIVþ patients were eligible for enrolment (Fig. 1) . The characteristics of the HIVþ patients before and after ART initiation are detailed in Table 1 . In brief, patients were young (median age ¼ 36 years, IQR ¼ 30-45), 75.7% were men and 61.2% were white. No patients had known cardiovascular disease, 30.1% were current smokers, 17.5% had hypertension and 3.9% had diabetes mellitus at ART initiation.
The most frequently prescribed PI/r-containing ART was lopinavir/ritonavir (45.6%), followed by atazanavir/ritonavir (30.1%), darunavir/ritonavir (11.7%), fosamprenavir/ritonavir (10.7%) and saquinavir/ritonavir (1.9%). After a median exposure to PI/r-containing ART of 14 months (IQR ¼ 11.5-20.0), median CD4 þ cell count increased from 288 to 481/ml (P < 0.0001) and 99.0% of patients had an undetectable viral load (<50 copies/ml).
Plasma lipid and proprotein convertase subtilisin/kexin type 9 levels in HIV-positive versus HIV-negative patients Compared with ART-naive HIVþ patients, HIVÀ controls had significantly higher levels of TC, HDL-C and LDL-C (all P < 0.0001), and a trend for lower plasma PCSK9 levels (P ¼ 0.07) ( Table 2 ). Plasma PCSK9 levels were significantly higher in ART-naive HIVþ patients than HIVÀ controls after adjustment for age (P ¼ 0.04) and LDL-C (P ¼ 0.02). ART treated HIVþ patients exhibited higher levels of plasma PCSK9 and triglycerides, and lower HDL-C levels as compared with HIVÀ controls. These differences were maintained after adjustment for lipid variables.
Furthermore, we observed significant differences in plasma PCSK9 levels between protease inhibitor drugs at ART initiation but not during exposure to ART (data not shown).
Change in metabolic variables, adipokines, inflammatory biomarkers and proprotein convertase subtilisin/kexin type 9 before and after a median exposure to antiretroviral therapy of 14 months Most lipid variables increased significantly during PI/r exposure: TC from 4.2 to 5.1 mmol/l (P < 0.0001), LDL-C from 2.6 to 3.1 mmol/l (P < 0.001) and HDL-C from 1.1 to 1.2 mmol/l (P ¼ 0.0001), whereas the increase in plasma triglycerides did not reach statistical significance (Table 2) . Plasma PCSK9 levels remained stable (279.5 versus 289.6 ng/ml, P ¼ 0.49), thus following a different course than LDL-C (Table 2 and Fig. 2 ). In addition, changes in plasma PCSK9 levels during exposure to ART were not statistically significant irrespective of the PI/r drug (Supplementary Table S1 , http://links.lww.com/QAD/B153).
In treated HIVþ patients, BMI (P ¼ 0.002) and fasting plasma glucose levels (P ¼ 0.05) increased modestly (Table 1 and Table 2 , respectively), whereas no change was observed for insulin (7.2 versus 8.1 mUI/ml, P ¼ 0.88) or HOMA-IR (1.48 versus 1.73, P ¼ 0.46), a surrogate of insulin resistance assessment.
Plasma levels of leptin (P ¼ 0.007) and the leptin/ adiponectin ratio (P ¼ 0.008), increased after initiating ART, whereas adiponectin tended to increase (P ¼ 0.07). After ART initiation, plasma levels of leptin significantly increased and levels of adiponectin tended to increase (P ¼ 0.007 and 0.07, respectively). The leptin/adiponectin ratio also increased indicating a proportionally larger rise of leptin levels (P ¼ 0.008). No change was observed for circulating hs-CRP and hs-IL-6 ( Table 2) . Data are medians and 25-75th percentiles. Numbers in brackets (n/n/n) indicate number of patients with available data in each group. ART, antiretroviral therapy; HDL-C, HDL cholesterol; HIVþ, HIV-positive; hs-CRP, high-sensitivity C-reactive protein; hs-IL-6, high-sensitivity IL-6; LDL-C, LDL cholesterol; NA, not available; PCSK9, proprotein convertase subtilisin/kexin type 9; PI/r, protease inhibitors boosted with ritonavir.
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Comparison between naive HIVþ versus HIVþ under PI/r: P values are obtained from paired t test.
MM
Comparison between naive HIVþ and controls: P values are obtained from t test.
MMM
Comparison between HIVþ under PI/r and controls: P values are obtained from t test.
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P value ¼ 0.04 when adjusted for age (P ¼ 0.04) or LDL-C (P ¼ 0.02). Association of plasma proprotein convertase subtilisin/kexin type 9 with immunologic and metabolic variables before and after a median exposure to antiretroviral therapy of 14 months Before ART initiation, plasma PCSK9 levels were positively correlated with HIV-1 viral load (r ¼ þ0.24, P ¼ 0.01) and triglycerides (r ¼ þ0.29, P ¼ 0.005) ( Table 3) .
No statistically significant correlations were observed between plasma PCSK9 levels and evolution of inflammatory markers, adipokines levels and metabolic variables (Supplementary Table S2 , http://links.lww.-com/QAD/B153). In addition, we did not observe a correlation between change in PCSK9 and change in CD4 þ T-cell count (r ¼ À0.02, P value ¼ 0.81).
In univariate linear regression, PCSK9 level before ART initiation was associated with CD4 þ T-cell count less than 200/ml (P ¼ 0.002), HIV stage C disease (P ¼ 0.0002), and plasma triglycerides more than 1.7 mmol/l (P < 0.0001) ( Table 4) . These associations remained significant in the multivariate model (Supplementary  Table S3 , http://links.lww.com/QAD/B153).
Predictors of plasma PCSK9 in virologically suppressed
HIVþ patients were markedly different after ART initiation. After ART initiation, PCSK9 levels were positively and significantly correlated with concomitant metabolic variables including plasma lipids: TC (r ¼ þ0.34, P ¼ 0.0006), LDL-C (r ¼ þ0.27, P ¼ 0.01) and to a lesser extent HDL-C (r ¼ þ0.17, P ¼ 0.01) and triglycerides (r ¼ þ0.20, P ¼ 0.05), and also fasting plasma glucose (r ¼ þ0.27, P ¼ 0.006) and HOMA-IR (r ¼ þ0.23, P ¼ 0.02) ( Table 3) . Among HIVþ patients under protease inhibitors, circulating PCSK9 levels were associated with TC more than 5.2 mmol/l (P ¼ 0.007), triglycerides more than 1.7 mmol/l (P ¼ 0.009) and fasting plasma glucose more than 5.6 mmol/l (P ¼ 0.03) in univariate linear regression (Table 4) .
After adjusting for fasting plasma glucose level more than 5.6 mmol/l, the associations of circulating PCSK9 levels with lipids remained statistically significant (Supplementary Table S3 , http://links.lww.com/QAD/B153).
No statistically significant correlations were observed between plasma PCSK9 levels and inflammatory markers (hs-CRP and hs-IL-6) or adipokine levels (leptin and adiponectin) in HIVþ patients either before or after ART initiation (Table 3) .
Furthermore, we explored the associations of plasma PCSK9 levels in patients under ART with different variables, before and after ART, and we adjusted on PCSK9 level before ART. In patients taking protease inhibitors, we observed PCSK9 levels were associated with HOMA-IR more than 2.5 at ART initiation (P ¼ 0.03) and were associated with cholesterol more than 2372 AIDS 2017, Vol 31 No 17 Fig. 2 . Comparison of proprotein convertase subtilisin/kexin type 9 levels before and after protease inhibitors boosted with ritonavir exposure in the HIV-positive group and with the HIV-negative control group. ART, antiretroviral therapy; LDL-C, LDL cholesterol; PCSK9, proprotein convertase subtilisin/kexin type 9; PI/r, protease inhibitors boosted with ritonavir. All P values are obtained from the t test. Ã P < 0.05 when adjusted for age (P ¼ 0.04) or LDL-C (P ¼ 0.02). 5.2 mmol/l (P ¼ 0.02) and triglycerides more than 1.7 mmol/l (P ¼ 0.03) under ART (Supplementary Table  S4 , http://links.lww.com/QAD/B153). Inflammatory markers levels, demographic and clinical characteristics were tested but no significant associations were found (data not shown).
Discussion
In this observational study, we assessed the relationship between plasma PCSK9 levels and lipid variables, first in HIVþ ART-naive patients, then after treatment initiation with a protease inhibitor-containing regimen. Our initial hypothesis was that an increased plasma PCSK9 level would contribute to the dyslipidaemia that is frequently observed in patients on first-generation PI/r in the clinical setting. However, we did not observe any effect of PI/r treatment on circulating PCSK9 levels, which were already elevated in ART-naive patients versus HIVÀ controls. High PCSK9 levels were associated with variables of advanced HIV infection in ART-naive HIVþ patients, whereas the classical association between PCSK9 and LDL-C was disrupted. In contrast, when HIV replication was controlled by ART, the classical relationship between PCSK9 and LDL-C was restored. Altogether, these findings indicate that the expression of PCSK9 is altered in HIV infection, possibly because of the chronic inflammatory state.
Accumulating data suggest a link between PCSK9 and inflammation. The first evidence came from the transcriptional regulation of PCSK9. Indeed, lipopolysaccharide induces hepatic PCSK9 mRNA expression in vivo in mice. TNFa also stimulates PCSK9 expression in a suppressor of cytokine signalling-3-dependent manner in vitro in a hepatoma cell line [17] . Finally, PCSK9 expression is induced by hepatocyte nuclear factor-1a, which is known to regulate the expression of acute phase proteins involved in inflammation [17] . PCSK9 inhibition results in increased lipopolysaccharide clearance, decreased inflammatory responses and improved survival following sepsis in mice [18, 19] . In humans, circulating PCSK9 levels are increased in patients with sepsis or trauma in ICUs [12, 20] , and patients carrying PCSK9 loss-of-function variants exhibit improved clinical outcomes during sepsis shock [21] .
In contrast to a previous study [13] , we did not find a significant association between plasma PCSK9 and either hs-IL-6 or hs-CRP level. Recently, a randomized study reported that treatment with a PCSK9 mAb (RG765) did not alter systemic markers of inflammation (hs-CRP, IL-6 or TNFa) [22] . A well known inducer of PCSK9 expression is sterol depletion through activation of the Proprotein convertase subtilisin/kexin type 9 in HIV infection Boccara et al. 2373 transcription factor sterol regulatory element-binding protein 2, and we might speculate that the sterol depletion found in ART-naive HIVþ patients may act as a potential activator of PCSK9 transcription [23] . In addition, as we found a correlation between PCSK9 levels and severity of HIV infection in untreated patients, the effect of the HIV virus itself on PCSK9 levels would be interesting to evaluate. Clearly, additional studies are warranted to identify and decipher the inflammatory and/or immune pathways governing PCSK9 expression during HIV infection.
In the current study, we found that plasma PCSK9 levels are increased in HIVþ versus HIVÀ patients. These findings are in accordance with those reported by Kohli et al. [13] , who noted a significant increase in circulating levels of PCSK9 in patients coinfected with HIV and HCV. We also confirm the 'PCSK9 paradox' reported in Kohli et al.'s [13] study, as untreated HIVþ patients display concomitantly lower LDL-C and higher PCSK9 levels compared with HIVÀ patients.
One striking observation is that this so-called 'PCSK9 paradox' differentially affects LDL-C and triglyceride metabolism. Whereas the association between PCSK9 and LDL-C is disrupted in untreated HIVþ patients, circulating PCSK9 remains significantly correlated with triglycerides. These data reinforce the hypothesis for a specific role of PCSK9 in triglyceride metabolism.
Regarding that point, some observations hint at a possible role for PCSK9 in the regulation of VLDL secretion. Some specific PCSK9 gain-of-function mutations promote the secretion of VLDL, possibly by stimulating the secretion of apolipoprotein B100, the major protein component of VLDL [24] [25] [26] . As insulin enhances hepatic PCSK9 expression [27, 28] and plasma PCSK9 levels positively associate with hepatic insulin resistance and VLDL secretion during pathophysiological conditions [29] , it may be hypothesized that increased hepatic PCSK9 expression could be involved in the initiation of combined dyslipidaemia. As all lipid variables, except triglycerides, are decreased in ARTnaive HIVþ patients, it should be interesting to test the hypothesis that increased PCSK9 expression contributes to increased plasma triglycerides levels in this clinical situation. Interventional studies with PCSK9 inhibitors are warranted to further determine whether PCSK9 is involved in the regulation of triglyceride metabolism during HIV infection.
As previously reported in larger cohorts [30, 31] , plasma PCSK9 levels are also associated in our study with markers of glucose homeostasis, such as fasting plasma glucose and HOMA-IR, in virologically suppressed HIVþ patients. Recently, concordant Mendelian randomization studies highlighted a link between PCSK9 loss-of-function variants and the risk of diabetes [32] [33] [34] , although the molecular mechanisms remain unknown.
Another unresolved issue is deciphering the underlying molecular mechanisms that sustain the disconnection between PCSK9 and LDL-C homeostasis during uncontrolled HIV infection. These mechanisms seem to be reversible, as the association between PCSK9 and LDL-C levels is restored after the control of HIV infection. Whether these mechanisms are also operative in the context of the pharmacological inhibition of PCSK9 by PCSK9 monoclonal antibodies is a critical question for clinical practice. The results from a clinical trial with a PCSK9 mAb in HIVþ patients (i.e. evolocumab; NCT02833844) will help to resolve this issue. The recent advent of a mAb directed against PCSK9 that markedly lowers LDL-C levels with a proven benefit in reducing cardiovascular morbimortality has stimulated debate about its possible use in very high cardiovascular risk HIVþ patients failing to achieve LDL-C target despite maximum tolerated dose of statins and ezetimibe.
The strength of our study is the careful selection of patients who are not on lipid-lowering therapy, a situation that could have disrupted the association between PCSK9 and lipid variables. In addition, we selected HIVþ patients who were virological responders to ART, to exclude the possible effect on PCSK9 levels of persistent viral replication. The main limitation is the observational design of the study that allows us to draw some associations but not those of causation regarding PCSK9 biology in HIV.
Conclusion
We observed for the first time a dual relationship for plasma PCSK9 levels in HIVþ patients. In ART-naive patients, PCSK9 levels were elevated and positively associated with both HIV progression (low CD4 þ cell counts, high HIV viral load and stage C disease) and plasma triglycerides, whereas after PI/r initiation, PCSK9 levels remained elevated and were only associated with classical metabolic variables (LDL-C, triglycerides, glucose/insulin resistance). Furthermore, we observed that plasma PCSK9 levels did not change after PI/r initiation and did not correlate with either hs-IL-6 or hs-CRP. Finally, PCSK9 levels were higher in HIVþ patients with or without protease inhibitorcontaining regimens compared with controls despite lower TC and LDL-C levels. Further investigations are needed to identify the factors that drive PCSK9 expression during HIV infection and to unravel the underlying molecular mechanisms that control its functional activity.
